Introduction
============

Multimorbidity, defined as the coexistence of two or more chronic diseases, is a common phenomenon, especially in older people. Multimorbid patients usually take multiple concomitant drugs (polypharmacy). Adverse drug reactions and medication errors are all potential consequences of polypharmacy.[@b1-tcrm-10-017]--[@b3-tcrm-10-017] Polypharmacy is not a problem in itself but carries a risk of drug--drug interactions (DDIs) in the event of a lack of coordination among care providers.[@b4-tcrm-10-017] Real or potential DDIs are one of the key elements included in the appropriateness review process before dispensing, as required by the Joint Commission International.[@b5-tcrm-10-017] For each DDI, the object drug is defined as the medication whose pharmacokinetics and/or pharmacodynamics may be modified by the drug interaction process. The precipitant drug is defined as the medication responsible for affecting the pharmacologic action or the pharmacokinetic properties of the object drug.[@b4-tcrm-10-017]

The coadministration of 1,4-dihydropyridine calcium channel blockers (DHP-CCBs) with statins (or 3-hydroxy-3-methylglutaryl-coenzyme A \[HMG-CoA\] reductase inhibitors) is common for patients with hypercholesterolemia and hypertension. Lovastatin, simvastatin, and atorvastatin are widely used for the treatment of hypercholesterolemia and prevention of cardiovascular diseases. These three statins, along with DHP-CCBs, are extensively metabolized by cytochrome P450 (CYP)3A4.[@b6-tcrm-10-017],[@b7-tcrm-10-017] The commonly used DHP-CCBs include amlodipine, benidipine, felodipine, isradipine, lacidipine, lercanidipine, nifedipine, nimodipine, and nicardipine. In 2011, the US Food and Drug Administration (FDA) Drug Safety Communication set a new dose limitation for Zocor® (simvastatin) (Merck and Co, Inc, Whitehouse Station, NJ, USA) in patients taking simvastatin concomitantly with amlodipine. The daily dose of simvastatin should not exceed 20 mg because amlodipine can raise the levels of simvastatin in the body and increase the risk of myopathy.[@b8-tcrm-10-017] However, there is no dose limitation for lovastatin or atorvastatin in patients receiving amlodipine. Meanwhile, a combination pill formulation of amlodipine/atorvastatin (Caduet®) (Pfizer, Inc, New York, NY, USA) has been available in the market. Up to now, there has been no systematic review of the pharmacokinetic DDI profile of DHP-CCBs administered concomitantly with statins, the underlying mechanisms of DDIs of different degree, or of corresponding clinical risk management.

In June 2013, a cardiac physician in our hospital wrote a new discharge prescription containing simvastatin 40 mg with amlodipine 5 mg and he was notified by the auditing pharmacist about the drug-related problem and potential risk of myopathy. The physician seemed ignorant of the amlodipine--simvastatin interaction information. Since a dose reduction of simvastatin was impractical for the patient who required intensive lipid-lowering therapy, atorvastatin 20 mg was recommended by the pharmacist as an alternative, equivalent dose for simvastatin 40 mg. The case gave us a profound lesson, ie, even specialist physicians have areas in their field about which they are ignorant. A study in a primary care unit of a tertiary hospital showed that the incidence of inappropriate concomitant use of amlodipine and simvastatin (40 mg/day) was 5%. This implied that general practitioners might not know that the concomitant use of amlodipine and high dosage of simvastatin could be a risk factor for myopathy.[@b9-tcrm-10-017]

Therefore, we here present an updated review on this issue, to enhance the awareness of DDI potential with the combination use of DHP-CCBs and statins and to endeavor to answer the scientific questions arising in clinical practice.

Methods
=======

Relevant literature was identified by performing a PubMed search covering the period from January 1987 (the year lovastatin was launched) to September 2013, using the medical search headings (MeSH) terms "calcium channel blockers and HMG-CoA reductase inhibitors and pharmacokinetics" or "simvastatin and amlodipine and drug interaction" and additional filters (languages: English). Eighty-nine articles were detected. The inclusion criteria included studies in the field of drug metabolism and pharmacokinetics that described DDI between DHP-CCBs and statins currently available in the market. Eleven articles were finally included under this search strategy and inclusion/exclusion criteria.

We conducted a further review of the pharmacokinetic interaction studies associated with CYP3A4-metabolized statins, using the MeSH terms "lovastatin and simvastatin and atorvastatin and drug interaction and pharmacokinetics." A further 56 articles were detected, and five of these articles, meeting the inclusion criteria "directly comparing degree of DDIs associated with lovastatin, simvastatin, or atorvastatin," were finally included. In addition, three studies directly comparing DDI potential with regard to DHP-CCBs were selected from 56 articles that were retrieved in PubMed, using the search terms "dihydropyridine calcium channel blockers and CYP3A4 inhibition." The full text of each included article was critically reviewed, and valuable information was summarized by data interpretation.

Results and discussion
======================

There were three circumstances described related to pharmacokinetic DDIs in the combination use of DHP-CCBs and statins: 1) statin is comedicated as a precipitant drug (pravastatin--nimodipine and lovastatin--nicardipine); 2) statin is comedicated as an object drug (isradipine--lovastatin, lacidipine--simvastatin, amlodipine--simvastatin, benidipine--simvastatin, azelnidipine--simvastatin, lercanidipine-- simvastatin, and amlodipine--atorvastatin); and 3) mutual interactions (lercanidipine--fluvastatin). [Table 1](#t1-tcrm-10-017){ref-type="table"} lists the DDI potential in combination use of DHP-CCBs and statins, along with a "not recommended" category and a "recommended, monitor therapy" category.[@b10-tcrm-10-017]--[@b18-tcrm-10-017]

We found that the degree of DDIs between DHP-CCB and statin and clinical outcome depend on many factors, such as the kind of statin, physicochemical proprieties of the DHP-CCB, dose of either the precipitant drug or object drug, sex of the patient (eg, isradipine--lovastatin combination), the route of drug administration (eg, oral nicardipine--lovastatin versus intravenous \[IV\] nicardipine--lovastatin), administration schedule (eg, nonconcurrent dosing method versus concurrent dosing method), and pharmacogenetic status (eg, CYP3A5 nonexpressers versus CYP3A5 expressers).

Circumstance 1: statin is comedicated as a precipitant drug
-----------------------------------------------------------

### Pravastatin-nimodipine

Unlike other the DHP-CCBs primarily used for the treatment of hypertension, nimodipine is indicated for the improvement of neurological outcome as it reduces the incidence and severity of ischemic deficits in patients with subarachnoid hemorrhage.[@b19-tcrm-10-017] The metabolism of nimodipine is almost completely mediated by CYP3A4.[@b20-tcrm-10-017] Because of a high first-pass metabolism, the bioavailability of nimodipine averages 13% after oral administration.[@b19-tcrm-10-017] Pravastatin is known to be a statin that is not primarily metabolized by the CYP system, and it is not an object drug susceptible to CYP inhibitors or substrates. However, a CYP3A4 inhibition assay indicated that pravastatin could impair CYP3A4 enzyme activity in a concentration-dependent manner, with a 50% maximal inhibition concentration (IC~50~) of 14 μM.[@b10-tcrm-10-017] The combination use of nimodipine and pravastatin is common in clinical practice.

Lee et al investigated the effects of pravastatin on the pharmacokinetics of nimodipine in rats. Nimodipine was administered to rats intravenously (3 mg/kg) and orally (12 mg/kg) with pravastatin (0.3 and 1 mg/kg). The addition of pravastatin (1 mg/kg) increased the area under the plasma concentration--time curve from time zero to infinity (AUC~0--∞~) and absolute bioavailability of oral nimodipine by 30.9% and 31.1%, respectively. However, the pharmacokinetics of IV nimodipine were not affected by the concomitant use of pravastatin, in contrast to those of oral nimodipine.[@b10-tcrm-10-017] The enhanced oral bioavailability of nimodipine might be mainly due to inhibition of the CYP3A-mediated metabolism of nimodipine in the small intestine and/or in the liver. Due to the concentration-dependent CYP3A4 inhibition characteristics of pravastatin, coadministration of pravastatin and nimodipine would require close monitoring for potential DDI for safe therapy of cardiovascular diseases, especially in the situation where patients need intensive lipid-lowering therapy and receive a high dose of pravastatin. Of course, the clinical relevance of this DDI should be investigated in clinical trials.

### Lovastatin--nicardipine

Nicardipine has been reported to be a substrate of CYP3A4 and P-glycoprotein (P-gp) in humans,[@b21-tcrm-10-017] and lovastatin is a dual inhibitor of both CYP3A4 and P-gp.[@b11-tcrm-10-017] Therefore, lovastatin could affect the pharmacokinetics of nicardipine when they are used concomitantly for the prevention or therapy of cardiovascular diseases.

Chung et al investigated the effects of oral lovastatin on the pharmacokinetics of IV and oral nicardipine in rats. Nicardipine was given intravenously (40 mg/kg) and orally (120 mg/kg) with 0 (control), 0.3, and 10 mg/kg of oral lovastatin to rats. Lovastatin was administered 30 minutes before nicardipine dosing. The AUC~0--∞~ of IV nicardipine was not altered in the presence of lovastatin. However, the AUC~0--∞~ and absolute bioavailability of oral nicardipine were significantly increased, by 67.4% and 38.5%, respectively. This indicated that lovastatin did not significantly inhibit the hepatic CYP3A-mediated metabolism of nicardipine, but it inhibited intestinal P-gp and/or CYP3A.[@b11-tcrm-10-017]

In humans, the extent of absolute oral bioavailability of nicardipine is about 0.35, following a 30 mg dose at steady state. The increased bioavailability and drug exposure caused by a lovastatin--nicardipine DDI would be of clinical relevance in consideration of the enhanced vasodilatory effect of nicardipine.

Additionally, lovastatin shows high first-pass effects. Therefore, the rate of its metabolism is most likely determined by the blood flow through the liver and not the rate of hydroxylation. Because the DHP-CCBs are vasodilators, it is possible that they could increase hepatic blood flow and thereby increase lovastatin clearance.[@b12-tcrm-10-017] It is very necessary to investigate the effect of nicardipine on lovastatin pharmacokinetics, which was not addressed in the study by Chung et al.[@b11-tcrm-10-017]

Coincidentally, the studies described under circumstance 1 were rat studies. It is worthwhile to address the DDI potential of pravastatin--nimodipine and lovastatin--nicardipine combination by conducting human pharmacokinetic studies or in vitro studies using human intestinal and hepatic cells.

Circumstance 2: statin is comedicated as an object drug
-------------------------------------------------------

### Isradipine--lovastatin

A randomized, double-blind, crossover study investigated the DDI profile of lovastatin (20 mg once daily) concomitantly with isradipine (5 mg twice daily) in healthy volunteers.[@b12-tcrm-10-017] Isradipine decreased the lovastatin AUC in male subjects by 40% (*P*\<0.001) but did not alter the maximum concentration (C~max~) or the time-to-peak concentrations (T~max~) of lovastatin. In the female subjects, isradipine treatment had no significant effect on the AUC, C~max~, or T~max~ of lovastatin. On the contrary, lovastatin had no effect on the clearance of isradipine, meaning the DDI was unidirectional. Lovastatin has a high hepatic clearance. Increases in hepatic blood flow by isradipine would seem to be the most likely explanation for the increased apparent clearance and decreased AUC of lovastatin in male subjects. It is important to emphasize that this was the first report on a sex-specific interaction between a DHP-CCB and statin. In clinical practice, decreased cholesterol-lowering efficacy would possibly be expected when isradipine is comedicated with lovastatin in male patients, and their combination should be avoided.

### Lacidipine--simvastatin

Lacidipine, a long-acting DHP-CCB, is frequently administered with simvastatin. It is necessary to evaluate the possible pharmacokinetic interactions between simvastatin and lacidipine as they share the CYP3A4 metabolic pathway. One randomized, two-way crossover study investigated the effects of lacidipine on the pharmacokinetics of simvastatin. Lacidipine (4 mg once daily, for 8 days) increased the C~max~ of simvastatin (40 mg once daily) by 70% (*P*=0.016) and of the AUC from time zero to 24 hours (AUC0--24h) by 35% (*P*=0.001). Significant differences were not observed in either the T ~max~ or in the half-life (T~1/2~).[@b13-tcrm-10-017] This finding suggested that the effects of lacidipine on the pharmacokinetics of simvastatin probably occurred in the absorption phase, possibly reducing the first-pass metabolism of simvastatin.

According to the dosing recommendations in the package inserts, it is preferable to take lacidipine in the morning and simvastatin in the evening.[@b22-tcrm-10-017],[@b23-tcrm-10-017] In the study by Ziviani et al,[@b13-tcrm-10-017] simvastatin and lacidipine were given together in the morning, so the extent of any possible interaction at the given doses was maximized under a worst-case scenario as far as an interaction on a first-pass effect of the two drugs was concerned. Despite that the observed increased exposure did not exceed the therapeutic window for simvastatin, vigilance is still required of clinicians when prescribing a lacidipine--simvastatin combination.

### Amlodipine--simvastatin

Nishio et al investigated the interaction between amlodipine and simvastatin in patients with hypercholesterolemia and hypertension. The enrolled patients were given 4 weeks of simvastatin (5 mg/day), followed by 4 weeks of amlodipine (5 mg/day) coadministered with simvastatin (5 mg/day). The comedicated amlodipine increased the C~max~ of simvastatin from 9.6±3.7 ng/mL to 13.7±4.7 ng/mL (*P*\<0.05) and the AUC from 34.3±16.5 ng·h/mL to 43.9±16.6 ng·h/mL (*P*\<0.05), despite that the cholesterol-lowering effect of simvastatin was not affected.[@b24-tcrm-10-017]

A nonconcurrent dosing method was investigated by Park et al, to ameliorate the degree of DDI between amlodipine and simvastatin.[@b25-tcrm-10-017] In a random fashion, 17 patients received daily doses of 20 mg simvastatin and 5 mg amlodipine for 6 weeks, either with both drugs at 7:00 pm (concurrent) or with simvastatin at 7:00 pm followed by amlodipine at 11:00 pm (nonconcurrent). The C~max~ and AUC from time zero to the last measurable concentration (AUC~0-t~) of simvastatin acid in the nonconcurrent group were 63.2% and 66.0%, respectively, of the corresponding values in the concurrent group (C~max~: 1.2±1.0 versus 1.9±0.9 ng/mL; AUC~0--t~: 10.3±8.3 versus 15.6±7.5 ng·h/mL). The pharmacodynamic changes in lipid profile and blood pressure were comparable between the groups.

Very recently, Son et al used a modeling approach to quantitatively describe the pharmacokinetic interaction between simvastatin and amlodipine. The subjects were given simvastatin 40 mg only (single administration), or simvastatin 40 mg and amlodipine 10 mg concomitantly (coadministration) once daily for 9 days. Compared with the single administration of simvastatin, the coadministration resulted in a 1.8-and 1.9-fold increase, for simvastatin, and a 1.9-and 2.3-fold increase, for simvastatin acid, in the AUC and C~max~, respectively. Also, the coadministered amlodipine 10 mg increased the simvastatin bioavailability by 46% and decreased the simvastatin clearance by 13%. In order to minimize the interaction with amlodipine 10 mg, the optimal simvastatin dose should be 60% of the usual dose (ie, simvastatin 24 mg was an optimal dose in coadministration with amlodipine 10 mg).[@b14-tcrm-10-017]

### Benidipine--simvastatin

Benidipine is metabolized by CYP3A4 in humans. It has been found to inhibit the CYP3A4-mediated metabolism of simvastatin in a concentration-dependent manner.[@b26-tcrm-10-017] In one study, assuming a competitive inhibition mechanism, the inhibitor constant (K~i~) value, based on the unbound concentrations, was calculated to be 0.846 μM for benidipine. A quantitative prediction of the in vivo DDI between simvastatin and benidipine was performed using the "well-stirred" mode.[@b15-tcrm-10-017] If simvastatin (10 mg) and benidipine (8 mg, the clinically recommended highest dose) were to be administered concomitantly, the ratio of AUC of simvastatin with and without inhibitor (AUC~+I~/AUC) was predicted to be 1.01. The result suggested that benidipine is unlikely to cause a DDI by inhibiting CYP3A4 activity in the liver and that the pharmacokinetic interaction between benidipine and simvastatin lacks clinical significance.

### Azelnidipine--simvastatin

Azelnidipine is also metabolized by CYP3A4, and it can concentration-dependently competitively inhibit the in vitro metabolism of simvastatin. Under study, the K~i~ value for azelnidipine, based on the unbound concentrations, was found to be 0.0181 μM. If simvastatin (10 mg) and azelnidipine (8 mg) were coadministered, the AUC~+I~/AUC for simvastatin was predicted to be 1.72, which is close to the observed value (1.9) in healthy volunteers. The predicted AUC~+I~/AUC of simvastatin coadministered with repeat administration of 16 mg azelnidipine was 2.68.[@b15-tcrm-10-017] Therefore, the DDI between azelnidipine and simvastatin may be of clinical relevance, and their combination use should be avoided.

### Lercanidipine--simvastatin

Lercanidipine undergoes extensive hepatic metabolism to inactive metabolites via CYP3A4. The prescribing information for lercanidipine tablets (Apotex Pty Ltd, Macquarie Park, NSW, Australia) specifically describes the DDI between lercanidipine and simvastatin. Under study, the coadministration of a 20 mg dose of lercanidipine with 40 mg simvastatin did not change the bioavailability of lercanidipine; however, a 56% increase in bioavailability was observed for simvastatin and a 28% increase for its active metabolite β-hydroxy acid. The prescribing information recommends adoption of a nonconcurrent dosing method, with lercanidipine administered in the morning and simvastatin in the evening.[@b16-tcrm-10-017]

### Amlodipine--atorvastatin

These two drugs have been investigated together and found to be safe, whether in free formulations or in the combination pill formulation. Data from a DDI study in healthy subjects indicated that the coadministration of amlodipine (10 mg) tablets and atorvastatin (80 mg) tablets did not alter the pharmacokinetics of amlodipine. Comedicated amlodipine had no effect on the C~max~ of atorvastatin but increased the AUC of atorvastatin by 18%, which was not clinically meaningful.[@b18-tcrm-10-017] A randomized, two-way crossover study in healthy volunteers confirmed the bioequivalence of a combination pill formulation containing amlodipine besylate/atorvastatin calcium with coadministered matching doses of amlodipine besylate and atorvastatin calcium tablets at the highest (10/80 mg) and lowest (5/10 mg) dose strengths.[@b27-tcrm-10-017] The administration of a single tablet of amlodipine/atorvastatin, compared with the coadministration of these agents as two separate tablets, improved patient adherence and reduced the likelihood that a patient would be prescribed a different statin with greater DDI potential.

Circumstance 3: mutual interactions between DHP-CCB and statin
--------------------------------------------------------------

### Lercanidipine--fluvastatin

Fluvastatin is the only statin that undergoes extensive metabolism by CYP2C9, and its pharmacokinetics mainly depend on the CYP2C9 genotype.[@b28-tcrm-10-017] Lercanidipine is a typical CYP3A4 substrate. Generally, the metabolic DDI potential between these two drugs is minimal. However, a randomized crossover, three-period clinical trial presented surprising findings.[@b17-tcrm-10-017] The study was conducted in healthy subjects treated with a single oral dose of racemic lercanidipine (20 mg) or fluvastatin (40 mg), or lercanidipine plus fluvastatin. In the monotherapy phase, the disposition of both drugs exhibited stereoselectivity. The AUC values were significantly higher for (−)-3S,5R-fluvastatin than for (+)-3R,5S-fluvastatin (358.20 versus 279.68 ng·h/mL) and for S-lercanidipine compared with R-lercanidipine (13.90 versus 11.88 ng·h/mL). The AUC values of (+)-3R,5S-fluvastatin were increased, and the stereoselectivity in the fluvastatin pharmacokinetics was abolished after the addition of lercanidipine, whereas coadministered fluvastatin significantly decreased the AUC values of lercanidipine enantiomers (S-lercanidipine: 8.06 versus 13.90 ng·h/mL and R-lercanidipine: 6.76 versus 11.88 ng·h/mL). Boralli et al speculated that fluvastatin induced intestinal P-gp and consequently, that it reduces the bioavailability of lercanidipine.[@b17-tcrm-10-017] Fluvastatin pharmacokinetics are also dependent on *ABCB1* (adenosine triphosphate \[ATP\]-binding cassette transporter subfamily B member 1) (the gene coding P-gp) polymorphism. Lercanidipine might inhibit P-gp activity and thus elevate the fluvastatin exposure. However, the underlying mechanism for this DDI remains unclear. Such interaction between fluvastatin and lercanidipine would be clinically relevant since the therapeutic effects are 30-fold higher for (+)-3R,5S-fluvastatin and 100-to 200-fold higher for S-lercanidipine compared with their respective enantiomers. A potential clinical outcome would be anticipated, including decreased antihypertensive efficacy and increased cholesterol-lowering efficacy, as well as risk of myopathy.

Strength of pharmacokinetic interactions of DHP-CCBs
----------------------------------------------------

It is an interesting topic to discuss the strength of the pharmacokinetic interaction of DHP-CCBs. Although they belong to the same structural and therapeutic class, the physicochemical properties of the currently used DHP-CCBs vary significantly. Uesawa and Mohri studied the relationship between the lipophilicities of 13 DHP-CCBs and the strength of their pharmacokinetic interaction with grapefruit juice (GFJ), a strong CYP3A4 inhibitor.[@b29-tcrm-10-017] Interestingly, lipophilicity was found to be an important factor in the strength of the pharmacokinetic interactions of DHP-CCBs with concomitant intake of GFJ. The logarithm of the molecular 1-octanol-water partition coefficient (logP) values indicated significant positive correlations with the interaction strength. Lercanidipine and niguldipine, with Ghose-Crippen-Viswanadhan octanol-water partition coefficient (ALogP) being 6.42 and 6.27, respectively, were estimated to be high-risk object drugs showing a predictive increase of 300% in the AUC, with GFJ intake.

Katoh et al investigated the inhibitory effects of 13 kinds of DHP-CCBs on human CYP-isoenzyme-dependent reactions using microsomes from human B-lymphoblast cells expressing CYP and predicted the DDIs using the "well-stirred" mode.[@b15-tcrm-10-017] The investigated DHP-CCBs included amlodipine, aranidipine, barnidipine, benidipine, cilnidipine, efonidipine, felodipine, manidipine, nicardipine, nifedipine, nilvadipine, nisoldipine, and nitrendipine. In consideration of the K~i~ values obtained in the in vitro inhibition study and the concentration of DHP-CCBs in human liver, the researchers concluded that the CYP inhibition by DHP-CCBs, except for nicardipine, might be clinically insignificant. Since the inhibitory effects on the CYP isoforms were measured using recombinant CYP isoenzymes in the Katoh et al study,[@b15-tcrm-10-017] differences in the content of NADPH-CYP reductase and cytochrome b5 or in the lipid constitution between the expression system and human liver microsomes might affect the inhibitory effects and the reliability of the prediction.

Up to now, there has been no literature comparing the strength of the pharmacokinetic interactions of DHP-CCBs with statins. In vitro experiments have not provided evidence that amlodipine is a distinctive DHP-CCB, either as a precipitant drug or as an object drug, from the perspective of CYP3A4-mediated drug metabolism. However, currently, of all the DHP-CCBs, the FDA only requires that amlodipine not to be comedicated with more than 20 mg of simvastatin. There might be other underlying mechanisms for this strange phenomenon.

Harmsze et al evaluated the effect of coadministration of P-gp-inhibiting DHP-CCBs (nifedipine and barnidipine) or non-P-gp-inhibiting DHP-CCBs (amlodipine) on clopidogrel on-treatment platelet reactivity, in patients on dual antiplatelet therapy after an elective percutaneous coronary intervention.[@b30-tcrm-10-017] Only the use of amlodipine was significantly associated with a 2.3-fold increased risk of a clopidogrel poor response. Clopidogrel is a prodrug that needs to be converted in vivo to generate its active metabolite. CYP2C19 and CYP3A4/5 are the main enzymes involved in the conversion of clopidogrel into the active compound. The inhibition of P-gp by the concomitant use of P-gp-inhibiting DHP-CCBs may cause a decreased intestinal efflux of clopidogrel, thereby increasing clopidogrel plasma concentrations and counteracting the DHP-CCB effect of impairing the metabolic activation of clopidogrel. P-gp seems unlikely to play an important role in the pharmacokinetics of simvastatin.[@b31-tcrm-10-017] Therefore, the non-P-gp-inhibiting characteristic of amlodipine compared with other DHP-CCBs seems unable to explain the DDI potential of amlodipine toward simvastatin.

Zuo et al evaluated the effect of the CYP3A5\*3 allele on the DDI between tacrolimus and amlodipine in healthy subjects. Amlodipine decreased the mean apparent oral clearance of tacrolimus in subjects with the CYP3A5\*1 allele (CYP3A5-expressers) by 2.2-fold (*P*=0.005), while it had no effect on that in the subjects with the CYP3A5\*3/\*3 genotype (CYP3A5-nonexpressers).[@b32-tcrm-10-017] The CYP3A system consists of the 3A4 and 3A5 isoenzymes, which share 84% amino acid sequence homology.[@b33-tcrm-10-017] We assume that amlodipine may have interactions with CYP3A5 in addition to CYP3A4, which may explain its particular characteristics in comparison with the other DHP-CCBs.

Strength of pharmacokinetic interactions of CYP3A4-metabolized statins
----------------------------------------------------------------------

The comparative pharmacokinetic interaction profiles of pravastatin, simvastatin, and atorvastatin, when coadministered with CYP inhibitors, were investigated by Jacobson.[@b34-tcrm-10-017] Clarithromycin significantly (*P*\<0.001) increased the AUC (and C~max~) of all three statins, most markedly simvastatin (approximately ten-fold increase in AUC) and simvastatin acid (12-fold increase), followed by atorvastatin (greater than four-fold increase) and then, pravastatin (almost two-fold increase). Clinical professionals may generally understand that pravastatin pharmacokinetics are unlikely to be altered in the presence of an CYP3A4 inhibitor, due to the fact that the statin does not undergo CYP-mediated metabolism, but they probably do not know the differences in DDI strength between simvastatin and atorvastatin.

A study by Hoch et al showed that the interaction of simvastatin with almorexant was more pronounced than with atorvastatin. More interestingly, a time-separated administration of simvastatin and almorexant significantly reduced the interaction strength, whereas relative time of administration had no effect on the magnitude of the interaction between atorvastatin and almorexant.[@b35-tcrm-10-017] The underlying mechanisms for difference in the DDI profile are as follows: 1) simvastatin has an extensive first-pass effect in the intestinal wall, whereas atorvastatin has a smaller intestinal first-pass effect; and 2) the interaction with atorvastatin is to a greater extent due to hepatic CYP3A4 inhibition, whereas the interaction of almorexant with simvastatin is mainly driven by CYP3A4 inhibition in the gut (ie, at the intestinal wall during drug absorption), where higher local concentrations of almorexant are reached than in the liver and where most of the first-pass effect of simvastatin takes place. When the drugs were ingested 2 hours apart, low residual systemic almorexant concentrations were present at the time of administration of the statin, and this significantly reduced the extent of interaction.

The coadministration of ticagrelor with atorvastatin resulted in an increase in the AUC of atorvastatin by 36% and the C~max~ by 23%. However, following the coadministration of ticagrelor and simvastatin, the magnitude of the interaction was greater than that with atorvastatin, with mean increases in the simvastatin AUC and C~max~ of 56% and 81%, respectively.[@b36-tcrm-10-017] Atorvastatin is thought to be less reliant than simvastatin on CYP3A4 metabolism. The calculated ratios of the contribution of CYP3A4 to the oral clearance of lovastatin, simvastatin, and atorvastatin are 1.00, 1.00, and 0.68, respectively.[@b37-tcrm-10-017] The relative lower ratio of the contribution of CYP3A4 to the oral clearance, together with smaller intestinal first-pass effect, may explain the relative difference in the impact of CYP3A inhibitors on the pharmacokinetics of atorvastatin versus the other statins metabolized by CYP3A4.

Simvastatin is reported to have dose-proportional pharmacokinetics up to 160 mg. It is safe and well tolerated up to at least 80 mg daily. Therefore, an observed increased exposure induced by the addition of DHP-CCB usually would not exceed the therapeutic window for simvastatin. Son et al has showed that extensive metabolizers yielded a decrease in simvastatin bioavailability of 81% and a decrease in simvastatin clearance by 4.6-fold compared with poor metabolizers, when *CYP3A4/5* polymorphisms were concerned.[@b14-tcrm-10-017] Where the pharmacogenetic status (*CYP3A4/5* polymorphism) is concerned, elevated C~max~ and/or AUC values of simvastatin in the presence of amlodipine would be observed more distinctively with extensive metabolizers and thus may be of clinical relevance for safety.

Besides the competitive inhibition of CYP3A4 and interference in flow-dependent hepatic clearance, the mechanism for the DDI between DHP-CCBs and statins might also involve P-gp and/or organic anion transporting polypeptide (OATP) 1B1-mediated drug transport inhibition, due to the varying degrees of association between statin pharmacokinetics and transporters, like P-gp, OATP1B1, and breast cancer resistance protein.[@b38-tcrm-10-017],[@b39-tcrm-10-017] Furthermore, the phenomenon that comedicated fluvastatin decreased the AUC values of lercanidipine inspires us to elucidate the underlying mechanism.

Integrated care, in a dynamic continuum, is essential to a future vision for complex patients. In order to enable even more synergy among health care professionals in the care of complex patients, pharmacists should focus on medication therapy management and play a key role in collaborative practice. Physicians and pharmacists still have many answers to provide to the scientific question concerning DDIs between DHP-CCBs and statins.

Conclusion
==========

In this review, we addressed the pharmacokinetic DDIs between DHP-CCBs and statins, and the factors determining the degree of those DDIs. From the current data, atorvastatin seems to be a safer CYP3A4-statin for comedication with DHP-CCBs. Clinical professionals should enhance the clinical risk management of combination use of these two classes of drugs, by increasing their awareness of the potential changes in therapeutic efficacy and adverse drug reactions, by rationally prescribing alternatives, by paying attention to dose adjustment and the administration schedule, and by ensuring an appropriateness review of physician orders before dispensing. Further study is needed -- the DDIs between DHP-CCBs and statins have not all been studied in humans, either from a pharmacokinetic or a clinical perspective; also, the strength of the different pharmacokinetic interactions of DHP-CCBs with statins should be addressed by systematic investigations.
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###### 

DDI potential in combination use of DHP-CCBs and statins

  Category                                  Combination                                                                                                                                                                                                                     Pharmacokinetic profile                                                                                               Potential clinical outcome
  ----------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- --------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------
  "Not recommended" category                Pravastatin--nimodipine                                                                                                                                                                                                         Pravastatin could significantly increase AUC~0-∞~ and absolute bioavailability of oral nimodipine[@b10-tcrm-10-017]   Enhanced vasodilatory effect of nimodipine
  Lovastatin--nicardipine                   Lovastatin significantly increased AUC~0-∞~ bioavailability of oral nicardipine in rats by 67.4% and 38.5%, respectively[@b11-tcrm-10-017]                                                                                      Enhanced vasodilatory effect of nicardipine and relevant adverse drug reactions                                       
  Isradipine--lovastatin                    Isradipine (5 mg twice daily) could decrease AUC of lovastatin (20 mg once daily) by 40% in male subjects[@b12-tcrm-10-017]                                                                                                     Decreased cholesterol-lowering efficacy                                                                               
  Lacidipine--simvastatin                   Lacidipine (4 mg once daily) could increase C~max~ of simvastatin (40 mg once daily) by 70% and AUC~0--24h~ by 35%[@b13-tcrm-10-017]                                                                                            Increased risk of myopathy                                                                                            
  Amlodipine--simvastatin                   Amlodipine (10 mg/day) could increase AUC and C~max~ of simvastatin (40 mg) by 1.8-and 1.9-fold, respectively[@b14-tcrm-10-017]                                                                                                 Increased risk of myopathy                                                                                            
  Azelnidipine--simvastatin                 Azelnidipine (8 mg) could increase AUC of simvastatin (10 mg) by 90%[@b15-tcrm-10-017]                                                                                                                                          Increased risk of myopathy                                                                                            
  Lercanidipine--simvastatin                Lercanidipine (20 mg) could increase simvastatin (40 mg) bioavailability by 56%[@b16-tcrm-10-017]                                                                                                                               Increased risk of myopathy                                                                                            
  Lercanidipine--fluvastatin                Fluvastatin (40 mg) could decrease AUC of lercanidipine enantiomers by 42%, whereas lercanidipine (20 mg) could increase AUC of (+)-3R,5S-fluvastatin (the more pharmacologically active enantiomer) by 13%[@b17-tcrm-10-017]   Decreased antihypertensive efficacy; increased cholesterol-lowering efficacy as well as risk of myopathy              
  "Recommended, monitor therapy" category   Benidipine--simvastatin                                                                                                                                                                                                         Benidipine (8 mg) did not alter AUC of simvastatin (10 mg)[@b15-tcrm-10-017]                                          Limited DDI potential and absence of clinical significance
  Amlodipine--atorvastatin                  Amlodipine had no effect on the C~max~ of atorvastatin, but increased the AUC of atorvastatin by 18%[@b18-tcrm-10-017]                                                                                                          Absence of clinical significance                                                                                      

**Abbreviations:** AUC, area under the plasma concentration-time curve; AUC~0-∞~, area under the plasma concentration-time curve from time zero to infinity; AUC~0--24h~, area under the plasma concentration-time curve from time zero to 24 hours; C~max~, maximum concentration; DDI, drug-drug interaction; DHP-CCBs, 1,4-dihydropyridine calcium channel blockers.
